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Local viscoelastic properties and a micromechanical structure of polymer hydrogel were studied 
using transmission acoustic microscopy (AM) with a spatial resolution up to 5 pm. Utilizing 
various amplitude, phase, and pulse techniques provided by the transmission AM, a velocity and 
an attenuation of the acoustic wave in the local point of the polymer sample as well as a 
frequency dependence (dispersion) of these values were evaluated in the frequency range from 
30 to 320 MHz. Using these facilities a poly(vinylalcoho1) polymer hydrogel for the artificial 
muscle was studied at the succeeding steps of its manufacturing process of cyclic freezing- 
thawing. It was found that synchronously, with the increase of the compressional elasticity and 
acoustic attenuation, a micromechanical nonuniformity of the gel also profoundly enhances it. 
Fiber-like structures of 10-50 pm width possessing higher elastic modulus appear in the gel 
which can play a significant role in the macroscopic mechanical properties of the gel. 
I. INTRODUCTION 
Mechanical properties of polymers and multiphase 
polymer systems (such as polymer composites or polymer 
gels) are very sensitive to its mechanical microstructure. 
Standard large scale mechanical testing methods cannot 
give micrometer scale information about the distribution of 
a viscoelastic modulus. At the same time this information 
is very essential as a method for evaluating the perfor- 
mance of polymer material and for predicting and improv- 
ing the micromechanical properties during the manufac- 
turing process. One of the distinctive features of these 
multiphase polymer materials is their high inhomogeneity, 
which requires an application of the methods possessing a 
spatial resolution. The goal of this work is to find appro- 
priate methods for evaluation of the local mechanical prop- 
erties of polymer objects. 
Because the acoustic microscopy (AM) possesses the 
capability of both viscoelastic properties characterization 
[by the velocity and attenuation measurements) and a 
high spatial resolution, we used methods based on AM 
principles in our study. In this work we attempt to apply 
the transmission mode commonly used in biological appli- 
cation to synthetic polymers. 
II. EXPERIMENTAL PROCEDURE 
A. PVA gel for artificial muscles as a multlphase 
polymer system 
In this work we will discuss our results on the evalu- 
ation of poly(vinylalcoho1) (PVA) gel for artificial mus- 
cles where its mechanical performance is vital for the ap- 
plication as mechanical actuator in the field of robotics and 
medical welfare.‘” 
The PVA gel for artificial muscle is formed by mixing 
‘)On leave from: Acoustic Microscopy Center, Estitute of Chemical 
Physics, Russian Academy of Science, Kosygin str. 4, Moscow, 117337, 
Russia. 
the aqueous solution of 1.74 M PVA, 0.24 M poly(acrylic 
acid) (PAA), and 0.26 M poly(allylamine) (PAlAm) by 
means of a cyclic freezing (at -50 “C) and thawing (at 
room temperature) process. The network structure of the 
gel is formed by PVA-PVA intermolecular hydrogen 
bonding with PAA and PAlAm chains fixed on the base 
network. In good solvents (e.g., water) these groups carry 
charges (PA&n-positive and PAA-negative) which result 
in the electrical association causing a strong fixation of the 
polymers. The noncompensated excess charges of the as- 
sociated groups become hydrated to cause gel swelling.3 
Replacing a good solvent with a poor one (e.g., acetone) 
causes neutralization of charged groups and shrinking of 
the gel, analogous to muscle contraction. The initial poly- 
mer mixture, positioned between two parallel glass plates 
separated by spacers, after 5-10 freezing-thawing cycles, 
turns into a strong rubber-like elastic film with the thick- 
ness defined by the distance between plates which in our 
experiments was 50 and 500 pm. It is due to water expan- 
sion during its crystallization compressing the PVA net- 
work that new hydrogen bonding appears after each freez- 
ing cycle, which makes the gel stronger (through this 
process) (Fig. 1). 
The growth of the ice crystal causes a high porosity of 
the PVA gel ( -0.5-5 pm size) and also the appearance of 
larger scale ( - 10-50 pm) but still microscopic dense re- 
gions. This nonuniformity leads to the complex spatial dis- 
tribution of the mechanical properties of the gel. It is rea- 
sonable to assume that the packed parts of the gel 
structure, like porous walls or dense regions, are mechan- 
ically stronger and, hence, play a key role in its mechanical 
performance. To evaluate this micromechanical structure 
of the gel we use opportunities given by AM. 
.i 
5. Experimental setup 
Due to our multifunctional experimental setup possess- 
ing a wide variety of AM techniques including amplitude 
and phase imaging, transmission and reflection modes, and 
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PIG. 1. A structure of the PVA hydrogel network. The gel is formed 
from the mixed aqueous solution of 1.74 M PVA, 0.24 M poly(acrylic 
acid) (PAA), and 0.26 M poly(allylamine) (PAlAm) by means of the 
cyclic freezing (at -50°C) and thawing (at room temperature) process. 
a pulse and tone-burst acoustic wave excitation,4 we started 
by comparing the effectiveness of different AM methods 
for the evaluation of the gel. 
The transmission AM uses an ultrasonic wave passed 
ithrough the object under study of which the amplitude 
change carries information on the attenuation of ultra- 
sound in the sample, whereas a phase shift correlates with 
the velocity variations. These measured data are connected 
directly with the local viscosity and the elastic modulus of 
the object. If such measurements are made with varied 
frequency of the acoustic wave, they also afford the possi- 
bility of studying mechanical relaxation processes locally 
in different points of the sample. 
For the evaluation of viscoelastic properties of gel we 
chose three of the most reliable and informative methods 
using the focused acoustic wave receiver and the plane or 
focused transmitter. They are: a transmission acoustic mi- 
croscope, composed of a plane transducer and an acoustic 
lens, working in the interference mode utilizing tone-burst 
pu1ses,s’6 and the same setup in the short pulse measure- 
ment mode. The interference mode reveals a good stability 
with respect to ambient temperature (due to the practically 
simultaneous acquisition of measurement and reference in- 
terference patterns) and is most effective for the HF (of or 
above 100 MHz) velocity measurements. The short pulse 
propagation technique is more sensitive to the variations of 
the temperature of the immersion liquid, although it is 
appropriate for the LF velocity and attenuation measure- 
ments (below 100 MHz), where the interference technique 
loses its precision due to widening of the interference 
fringes. For attenuation measurements in the polymer gel 
we also used a two-lens confocal transmission AM,7 whose 
amplitude output has a reasonable ambient temperature 
stability, whereas the signal amplitude is much higher 
compared with the plane transducer-acoustic lens setup. 
In the interference AM [Fig. 2(a)], a plane acoustic 
wave tone-burst in the frequency range from 80 to 320 
MHz was excited by the piezotransducer into the SiOl 
buffer rod and passed through the studied object positioned 
on its surface. As the coupling liquid we used water pos- 
sessing affinity to the gel, although acetone, methanol, etc., 
0, ,+r,, If. u ‘wy “. 
i i% 
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FIG. 2. An experimental setup for the evaluation of the viscoelastic prop- 
erties of the gel: (a) schematic diagram of the setup, (b) relative shift 
d/D of the interference fringes on the phase image determines a local 
acoustic velocity in the object. 
immersions are also applicable. The receiving AIZO, acous- 
tic lens of a 45” half-aperture angle and the corresponding 
frequency range were scanned by mechanical scanners in 
two perpendicular directions in the plane parallel to the 
object surface. The amplitude and phase of the piezotrans; 
ducer output were received and detected by the Honda 
Electronics Co. 20400 MHz rf unit and stored for each 
scanner position in the NEC PC-9800 computer. These 
data were then used to get amplitude and phase images of 
the gel films with a maximum resolution of -5 ym at 300 
MHz. The resolution was evaluated by acquisition of the 
line protile of the acoustically opaque sharp knife edge and 
the estimated resolution value was consistent with the size 
of the diffraction spot ( - 4 pm at 300 MHz). 
While the attenuation in the sample can be found di- 
rectly from the image intensity, for the velocity measure- 
ments we use a slight tilt of the object plane (2.5”) which 
results in the interference fringes on the phase image5’6 
[Fig. 2(b)]. The velocity difference in the object u and 
immersion liquid u. causes a phase deviation of the acous- 
tic wave and, hence, a fringe shift d in the image propor- 
tional to this difference. The relative fringe shift d/D 
(where D is an interval between fringes for the object 
thickness t and frequency f > allows one to calculate the 
local velocity of the layer by the following equation: 
v=vg/[l-(vg/ft)(d/D)]. (1) 
An advantage of this method is its high tolerance to 
the temperature and phase instability, although low fre- 
quency measurements (e.g., at 30 MHz) using this tech- 
nique are complicated due to the large fringe width. At- 
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FIG. 3. Oscil lograms of the ultrasonic pulse transmitted through the gel 
sample compared with the reference pulse in the absence of the object. 
tenuation measurements also need a  special calibration 
procedure because of the amp litude nonuniformity of the 
acoustic wave on  the buffer rod surface. 
To  eliminate these restrictions we applied another 
technique based on short ultrasonic pulse propagation 
measurements.  In this method a  plane transducer was ex- 
cited by the short impulse with a  duration of about 15  ns. 
The  transmitted pulse through the sample was measured 
using HP-54502A 400 MHz digital oscil loscope and com- 
pared with the reference pulse in the absence of the object 
(Fig. 3). The  frequency of the ultrasonic pulse was evalu- 
ated using the Fourier transformation of the digitized data 
which estimated the center frequency of the pulse of about 
30  MHz. The amp litude change AA and the time  delay of 
the pulse At define an  attenuation a! and a  velocity u  of the 
polymer film  by 
+‘=vd(l--vgAr/t), a=h(hA/~)/t. 
N=4 
(4 
(2) 
For the wideband attenuation measurements we also 
used the two-lens AM setup,7 in which the object is posi- 
t ioned in the focal plane between two confocal acoustic 
lenses. In this setup the plane transducer (Fig. 2) is re- 
placed by a  transmitting acoustic lens, which improves the 
signal-to-noise (S/N) ratio and does not require a  normal- 
ization procedure to take into account the wavefield non- 
uniformity. The  frequency bandwidth of this setup was 
from 30 to 90  MHz which allowed us to study the fre- 
quency dependence of the attenuation. An image acquisi- 
tion in this setup could also be  realized but needs the object 
rather than the lens to be  scanned. 
111. RESULTS AND DlSCUSSlON 
Using the experimental setup with a  plane wave 
transmitter-spherical receiver shown in F ig. 2  we obtained 
acoustic images of PVA 50 ,om gel film  with the number  of 
the freezing-thawing cycles varied from 4  to 33. In F ig. 4  
amp litude (a)-(c) and phase (d)-(f) acoustic transmis- 
sion images for 4, 10, and 33  cycle gel are given. It is easy 
to see that for the high number  of freezing cycles the at- 
tenuation of the acoustic wave is larger and the m icrostruo 
ture of the gel is more inhomogeneous with fiber-like struc- 
tures of 10-20 pm width appearing in it. For the reference 
in F ig. 5  (a), 5  (b); and 5  (c) the optical and acoustic re- 
flection amp litude and phase images for an  intermediate 
number  of freezing (N=23) are also presented. It is inter- 
N = 10 
b) 
N q 33 
I4 
FIG. 4. Acoustic transmission images of the 50  pm PVA gel film with the number  of freezing-thawing cycles varied from 4  to 33  ( f requency of the 
acoustic wave-300 MHz): (a)-(c) amplitude, (d)-(f) phase images. 
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FIG. 5. Reference optical and reflection acoustic images for the interme- 
diate number of freezing (N=23): (a) optical, (b),(c) reflection acoustic 
amplitude and phase acoustic reflection images of the gel (frequency of 
the acoustic wave-300 MHz). 
esting to mark that reflection acoustic images can display 
only spurious-like pictures of the interference origin. 
Attenuation measurements were realized using the 
pulse technique described above and these results are pre- 
sented in Fig. 6. For the first 5-10 freezing cycles, the 
attenuation coefficient increase was similar to the velocity 
increase but the attenuation increase continued up to the 
highest number of freezing cycles without saturation. It is 
interesting to compare this dependence with the somewhat 
analogous macroscopic static Young’s modulus behavior3 
(Fig. 7) which is also nonsaturated. 
To evaluate this change quantitatively we measured a To study an ultrasound attenuation mechanism in the 
fringe shift by comparing the phase images [Figs. 4(c) and gel film we performed attenuation dispersion evaluation in 
4(d)] with the reference fringe pattern images observed in the wide frequency range. Because of the large systematic 
the absence of the object and calculated the velocity in the error usually connected with exchanging the lens or trans- 
gel using Eq. ( 1). Freezing-thawing cycling significantly ducer we carried out all measurements using one couple of 
increased the mean acoustic velocity of the gel (Fig. 6) for the acoustic lenses which was allowed to achieve both a 
the first 5-10 cycles (and, hence, boosted its compressional wide frequency bandwidth (30-90 MHz) and a high re- 
elastic modulus), but afterward the velocity growth was producibility of data. These results are presented in Fig. 8 
saturated. A frequency dependence of the velocity was also as a frequency f versus attenuation a log-log scale plot 
1.58 0.2 
8 
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FIG. 6. Experimental results of the velocity and attenuation measnre- 
ments of the 50 pm PVA gel film for the various number of freezing- 
thawing cycles acquired at different frequencies of the ultrasonic wave. 
profound (compare curves 100,200, and 300 MHz in Fig. 
6) which indicates that PVA gel is a significantly disper- 
sive media. 
Due to the relatively low percentage of the polymer in 
the polymer hydrogel the average acoustic velocity in gel u 
is close to the one of water ue. In this case it is useful to 
operate with the relative velocity difference between the gel 
and water: Sv=(v-ue)&,, which is proportional to the 
fringe shift d. Figure 6 allows us to directly evaluate the 
fringe shift and, hence, the relative velocity difference in 
fiber-like dense regions. It was found that, for some fibers, 
it was 60% more than the average velocity difference. 
Using these data it is possible to evaluate a relative 
difference of the elastic modulus of the gel C,, and that of 
water Cc:SC= (Ctt-Ce)/Ce, where C11=pu2 and 
Ce=pav% and p, p. are the density of the gel and water, 
respectively. Taking into account that u is close to v. and, 
according to our measurements, density of gel p is close to 
that of water (of about 1.05-l. 15 g/cm3) we can conclude 
that SC, t BT 2Su. Thus we can estimate that the difference in 
elastic modulus in the fiber region was 120% more than 
the average elastic modulus difference between the gel and 
water. This directly proves that the polymer gel film is a 
strongly inhomogeneous mechanical system which is nec- 
essary to take into account during the evaluation of its 
macroscopic scale properties. 
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PIG. 7. A comparison of the acoustically measured C,, elastic modulus 
(frequency of the acoustic wave-300 MHz) with the macroscopic static 
Young’s modulus of the gel for the various number of freezing cycles: (a) 
C,, elastic modulus, (b) Young’s modulus. 
which permits one to easily estimate’the frequency depen- 
dence of the attenuation n, where a-f”. 
Ideal viscous liquids (like water at frequencies lower 
than - 10 GHz) yield n =2, whereas polymers with a 
broad distribution of relaxation times show an nz 1 fre- 
quency dependence of attenuation.8’9 In our case n varied 
from 1.4 to 1.6 which signified that the PVA gel took an 
intermediate position between a classical viscous liquid and 
a polymer. This observation is consistent with the fact that 
the PVA gel is a mixture of polymer networks and a large 
amount of water. 
It is interesting to point out that during the first 10 
freezing cycles the macroscopic static Young’s modulus 
increased by more than 600% reaching -0.2 MPa.2 It is in 
sharp contrast to the increase of the acoustically evaluated 
elastic modulus Ci, that increased by only 10% with a 
maximum of about 2.8 GPa (Fig. 7). For interpretation of 
this fact it is useful to take into account that Young’s 
modulus of the gel is defined by the gel network only (since 
Young’s modulus of water equals zero) while the Ctl elas- 
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s 0 -23 
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PIG. 8. Experimental results of the frequency dependence (dispersion) of 
the acoustic attenuation in the PVA gel obtained in the frequency range 
from 30 to 90 MHz. 
tic modulus of the gel evaluated acoustically is the result of 
a relatively small gel network yield to the already high 
elastic modulus of water equal to 2.25 GPa. Therefore, it is 
reasonable to compare the Young’s and the Cl1 modulus of 
the gel with those corresponding to the water subtracted. 
This procedure gives an estimate for the increase in 
Young’s and Ct, moduli as 600% and 80%, respectively. 
Together with the fact that the velocity growth is satu- 
rated, whereas the increase of the macroscopic Young’s 
modulus did not at the increased number of cycles, this 
result indicates that the velocity and the Young’s modulus 
yield different information. Nevertheless, an interesting 
similarity can be pointed out between the two quantities. A 
dependence of Young’s modulus as well as the Cl1 modu- 
lus on the number of the freezing cycles revealed a clear 
change of the slope around 10 cycles which indicates that 
these two parameters are sensitive to the structural changes 
in the gel occurring around this point. 
IV. CONCLUSION 
A quantitative characterization of the polymers has 
been attempted so far by using the V(z) curve method in 
the reflection mode.1oT1’ Although the V(z) method gives 
the velocity of surface acoustic wave (SAW) and leaky 
surface skimming acoustic wave (LSSCW) 12.13 and also 
attenuation,13y14 the applicability of this method is rather 
limited in samples with a strong inhomogeneity or with an 
acoustic velocity close to the one of the immersion liquid. 
Scattering and an attenuation of the acoustic wave tend to 
disturb regular dips in the V(z) curve, thus degrading the 
accuracy of measurements. 
We found that for thin polymer objects with acoustic 
properties close to those of immersion liquid, the transmis- 
sion AM methods are more sensitive to the viscoelastic 
properties of the object rather than widely used reflection 
AM techniques. This result indicates that it is transmission 
AM which can be used as a convenient and powerful 
method for the evaluation of local viscoelastic properties 
and a frequency dispersion in the range from 30 to 320 
MHz of multiphase polymer systems and display its mi- 
cromechanical structure with a spatial resolution up to 5 
Pm. 
Using this facility we studied a PVA polymer gel for 
artificial muscle at the succeeding steps of its manufactur- 
ing process of cyclic freezing-thawing. We also found that 
with the increase in elastic modulus C,, and acoustic at- 
tenuation, a micromechanical nonuniformity of gel is pro- 
foundly enhanced. Fiber-like structures of 10-50 pm width 
possessing higher elastic modulus appear in the gel struc- 
ture which has to be taken into account during an evalu- 
ation of the macroscopic mechanical properties of the gel. 
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